Autism spectrum disorders (ASDs) have been suggested to arise from abnormalities in the canonical and non-canonical Wnt signaling pathways. However, a direct connection between a human variant in a Wnt pathway gene and ASD-relevant brain pathology has not been established. Prickle2 (Pk2) is a post-synaptic non-canonical Wnt signaling protein shown to interact with post-synaptic density 95 (PSD-95). Here, we show that mice with disruption in Prickle2 display behavioral abnormalities including altered social interaction, learning abnormalities and behavioral inflexibility. Prickle2 disruption in mouse hippocampal neurons led to reductions in dendrite branching, synapse number and PSD size. Consistent with these findings, Prickle2 null neurons show decreased frequency and size of spontaneous miniature synaptic currents. These behavioral and physiological abnormalities in Prickle2 disrupted mice are consistent with ASD-like phenotypes present in other mouse models of ASDs. In 384 individuals with autism, we identified two with distinct, heterozygous, rare, non-synonymous PRICKLE2 variants (p.E8Q and p.V153I) that were shared by their affected siblings and inherited paternally. Unlike wild-type PRICKLE2, the PRICKLE2 variants found in ASD patients exhibit deficits in morphological and electrophysiological assays. These data suggest that these PRICKLE2 variants cause a critical loss of PRICKLE2 function. The data presented here provide new insight into the biological roles of Prickle2, its behavioral importance, and suggest disruptions in non-canonical Wnt genes such as PRICKLE2 may contribute to synaptic abnormalities underlying ASDs.
INTRODUCTION
Autism spectrum disorders (ASDs) represent a wide range of developmental abnormalities, which are defined by impairments in social interactions, communication and behavioral flexibility. [1] [2] [3] Learning can also be affected in individuals with ASDs, with some children having impaired learning abilities while others display increased learning abilities. Recently, the United States Center for Disease Control reported that ASD develops in 1 of every 88 children born in the United States, a rate that has continually climbed highlighting the need to develop effective treatment and prevention strategies. 4 An estimated 30% of all patients with ASD also have epilepsy, yet few genes are shown to contribute to both ASDs and epilepsy. 5 It is suggested that signaling pathways regulating synaptic development and function may contribute to the etiology of these two disorders. [6] [7] [8] [9] The Wnt signaling pathway regulates a myriad of neurodevelopmental processes, for example, cell fate determination, axon migration, dendritic arborization and synapse formation. [10] [11] [12] [13] [14] [15] [16] [17] [18] There are two major pathways that define the Wnt signaling pathway; the canonical and non-canonical pathways. Canonical Wnt signaling is mediated through intracellular b-catenin, whereas the non-canonical Wnt pathway is b-catenin independent and signals through core planar cell polarity (PCP) proteins including Prickle. 19, 20 Transgenic mice with manipulations in Wnt genes display a variety of behavioral abnormalities, including seizures, abnormal learning and repetitive behaviors. 18, [21] [22] [23] Accordingly, ASD-like phenotypes in mice were linked to mutations in genes of the Wnt/PCP pathway. 21, 22 For example, heterozygous null Scribble1 mice displayed enhanced learning, with social abnormalities. 21 In contrast, mice with Dvl1 disruption show only social abnormalities. 22, 24 These data are particularly intriguing since a subset of ASD patients display enhanced learning abilities, known as autistic savant syndrome. 25 Thus, Wnt gene variants are attractive candidates for developmental neurological diseases, specifically for ASDs. Studies aimed at identifying mutations in human ASD patients have identified variants in canonical Wnt genes WNT1, WNT2, 26 and WNT3, 27 and the non-canonical Wnt/ PCP (Wnt/PCP) gene SCRIBBLE1. 28 However, direct links between genetic variations in human ASD patients, and the roles these variants play in protein function, neuronal architecture and physiology have not been definitively established. PRICKLE2 is a member of a highly conserved Prickle, Espinas, Testin (PET) and Linl-1, Isl-1 and Mec-3 (LIM) domain-containing protein family, which participates in the (Wnt/PCP) signaling pathway. [15] [16] [17] [18] 29, 30 We recently reported that Prickle2-deficient mice have a lower seizure threshold and PRICKLE2 mutations in humans are associated with epilepsy. 18 In that report, one individual with a PRICKLE2-encompassing deletion had both epilepsy and ASD. Prickle2 is highly expressed in the hippocampal formation, a brain region associated with epilepsy pathogenesis. 9, 31, 32 Moreover, Prickle2 localizes to the postsynaptic density (PSD) 16, 18 and interacts with PSD-95 and the NMDA receptor, two proteins implicated in ASDs. 16, 33 In this study, we investigated the effects of Prickle2 disruption on behavior, synaptic morphology and physiology in mice. The results obtained in these studies suggested that Prickle2 disruption could contribute to neurological dysfunction in diseases such as ASD. We screened a cohort of patients with ASDs for PRICKLE2 variations and identified two families with ASD and PRICKLE2 variations. We then tested the functional effects of these ASDassociated PRICKLE2 variants in cultured neurons. Our results indicate that PRICKLE2 variants from ASD patients produce loss of PRICKLE2 protein function, thus strengthening the argument that PRICKLE2 disruption may contribute to ASDs.
MATERIALS AND METHODS

Generation of Prickle2 mutant mice
The Prickle2 mutant mice (Acc. No. CDB0435K; (http://www.cdb. riken.jp/arg/mutant%20mice%20list.html) were generated by gene targeting in TT2 ES cells 34, 35 as described (http://www.cdb. riken.go.jp/arg/protocol.html). The Prickle2 mutant mouse line was backcrossed onto the C57BL6/J greater than 10 generations. All of the behavioral assessments were performed on adult mice (8-12 weeks old) of Prickle2 þ / þ , Prickle2 þ / À and Prickle2 À / À genotypes. All experiments involving the use of mice and the procedures followed therein were approved by the University of Iowa Institutional Animal Care and Use Committee and in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals. Every effort was made to minimize the number of mice used and their suffering.
Context fear conditioning
Male and female mice were used for this assay. Mice were placed in a near-infrared video-equipped fear conditioning chamber (Med Associates, St Albums, VT, USA). Context fear conditioning acquisition was performed for 8 min. Mice were allowed to explore the chamber for 3 min, and then five shocks (1 s, 0.75 mA) were administered through the grid flooring with an inter-trial interval of 1 min. Context-evoked freezing was tested by placing the mice back into the conditioning chamber for 6 min (without footshocks). Freezing was defined as an absence of movement other than respiration, and scored with VideoFreeze software (Med Associates). Genotype Â time interaction indicates that there is a significant difference in how genotypes change relative to one another over time.
Auditory cue conditioning Male and female mice were used for this assay. Training (context A) was performed for 14 min. Mice were allowed to explore the chamber for 3 min, and then five tones (80 dB, 3 kHz, 20 s) terminating with a shock (1 s, 0.75 mA) was presented with an inter-trial interval of 100 s. To assess conditioned freezing to the tone, mice were placed in a different context (a smooth floor and a black triangle insert were placed into the conditioning chamber with peppermint extract added to change odor), and freezing was assessed over 6 min, with the tone presentation occurring during minutes 4-6. Trimethylthiazoline-evoked freezing Male and female mice were used for this assay. Trimethylthiazoline (TMT)-evoked freezing was measured as described previously. 36 Briefly, mice were placed in a chamber with a beaker containing TMT (30 ml) (PheroTech, Delta, Canada). These behavioral chambers were distinct from the fear conditioning apparatus to avoid contaminating the fear conditioning equipment with TMT. Freezing was defined the same as fear conditioning above and was scored from videotapes by an experimenter blinded to genotype.
Barnes maze
Male and female mice were used for this assay. A Barnes maze apparatus was used to assess the ability to learn the location of an escape box over the course of 4 days with 4 trials per day. The apparatus is a circular table with a diameter of 120 cm, 90 cm from the ground, where 44, 5.5 cm diameter holes are located equidistantly around the perimeter. During the trial period, the escape box, measuring 16.6 Â 8.5 Â 9 cm, is placed under the escape hole. The escape hole is in a different position for each mouse, but constant for each mouse over the 4 days of training. Each mouse was tested 4 times per day for 4 days, with a 15-min inter-trial interval separating each trial. Each trial began when the mouse was released from a position in the middle of the maze; each mouse was released facing the same direction. Each trial lasted up to 3 min or until the mouse entered the escape box. The mice that did not find the escape box within 3 min were guided to the correct hole. Once the mouse entered the box, it was allowed to remain in the box for 1 min. The latency to enter the target hole (acquisition) was automatically scored by Viewpoint Videotrack system and software, and independently scored by a blinded observer. A probe trial was conducted on day 5 to determine if the animal could remember where the target hole was located by blocking the target hole and placing the animal on the maze. The animal was allowed 90 s of exploration, which was recorded as above. The maze is split into four quadrants and time spent in each quadrant was measured. For reversal learning, the mice were retrained as above with the escape hole switched 180 degrees.
Three-chamber social assay A rectangular, three-chambered Plexiglas box was used for this assay. The dividing walls between chambers had an entry hole with a door that could swing open to allow access into the chamber. Only adult male mice were used in this assay. Mice were placed into the center chamber of the apparatus with the doors closed and allowed to habituate for 10 min. Following this period, the doors between chambers were opened, and the mice were allowed to explore the two side chambers with the novel object (chrome wire enclosure, Galaxy Cup; Spectrum Diversified Designs, Streetsboro, OH, USA). Finally, for the testing period, an unfamiliar conspecific mouse (stranger) was placed into the chrome wire enclosures within one side chamber while an identical wire enclosure in the other side chamber remained empty, and the test mouse was allowed to explore all three chambers for 10 min.
Sociability was quantitated by assessing the amount of time the test mouse spent investigating the side chamber containing the conspecific mouse in the wire cage compared with the side chamber containing the empty wire cage. In addition, sociability was also tested by measuring the amount of time the test mouse spent sniffing the conspecific mouse. Sniffing was defined as nose-to-nose or nose-to-body contact. Assay was scored by a blinded observer.
Free moving social interaction Open field chambers (40.6 cm Â 40.6 cm Â 36.8 cm) (San Diego Instruments) served as boxes for this assay. Only male mice were used for this assay. The conspecific (age-matched wild type) mouse was habituated 10 min to the chamber. Following 10-min habituation, the test mouse was placed in the testing chamber for 10 min and videotaped. Interaction was scored by an observer blind to genotype as the time the target mouse spent interacting with the conspecific mouse that included: nose-to-nose sniffing, nose-to-tail sniffing, grooming, crawling over the other mouse and close huddling.
Novel object recognition Male and female mice were used for this assay. Open field chambers (40.6 cm Â 40.6 cm Â 36.8 cm) (San Diego Instruments) served as boxes for novel object recognition. Days 1-3 consisted of habituation; mice were placed in the chambers for 30 min and allowed to explore. For training (day 4), each chamber had two identical, non-toxic objects placed in the back left and front right corners of the chamber and mice explored for 15 min. Testing (day 5) occurred 24 h following training. Mice explored the chamber in which one of the familiar objects was replaced with a novel object for 10 min. Time spent by mice exploring each object was scored by an experimenter blind to genotype. Exploration was defined as the animal's nose being within 2 cm of the object and oriented toward it. Objects were counterbalanced across animals and groups.
Transmission electron microscopy For structural analysis of dentate gyrus (DG), CA1, and lateral amygdala (LA) synapses, 16-week-old mice were anesthetized with intraperitoneal injection of ketamine/xylazine, and transcardially perfused using 4% paraformaldehyde in 1 Â phosphate-buffered saline. Once perfused, brains were removed and placed in 2% glutaraldehyde overnight. Following overnight fixation, brains were rinsed three times in phosphate-buffered saline for 30 min, and treated with 1% OsO 4 with 1.5% potassium ferrocyanide for 1 h. Following osmium treatment, brains were rinsed 3 Â 20 min in phosphate-buffered saline, washed with H 2 O for 1 min followed by dehydration. Once dehydrated, brains were embedded and placed in beam capsules, placed in 70 1C oven for 8 h and sectioned thereafter. In all, 90-nm sections were taken from sagittal section #17 in the Allen Brain Atlas for CA1 and DG. For the LA, sections were prepared from a region corresponding to coronal level 74 in the Allen Brain Atlas. Location relative to Bregma for both hippocampal regions was À 1 to 1.7 mm caudally, and B2.5 mm ventrally. Images were taken on a Joel 1220 TEM (Peabody, MA, USA). PSD area was analyzed using ImageJ as previously described. 21, 37 Synaptic counts were taken at 2000 times magnification and clearly definable PSDs with presynaptic vesicles were counted as synapses. DG PSD size (Prickle2
All acquisition of data and analysis was performed by a blinded observer.
cDNA and plasmid constructs The full-length human PRICKLE2 cDNA (mentioned as hPk2 in figures) in the PCR-BluntII-TOPO was purchased from Open Biosystems (Pittsburgh, PA, USA). An eGFP epitope and a flag epitope were added in-frame to the 5 0 end and 3 0 end. The sequence was cloned into NheI (5 0 ) and EcoRI (3 0 ) sites of pcDNA3.1 ( þ ) vector. hPk2E8Q-GFP or hPk2V153I-GFP point mutants were generated with the Stratagene (Santa Clara, CA, USA) QuikChange site-directed mutagenesis kit.
Primary culture of mouse hippocampal neurons Hippocampal neurons were prepared from P0 to P2 Prickle2
À / À mouse pups. Hippocampi were dissected in Hank's Buffered Saline Solution (Life Technologies, Carlsbad, CA, USA) and digested with 0.3% trypsin (Sigma-Aldrich, St Louis, MO, USA) for 9 min at 37 1C. Hippocampi were then washed in Hank's Buffered Saline Solution before dissociation via trituration. Cells were then counted and 60 000 or 120 000 neurons were plated onto the center of 35 mm glass coverslips coated with poly-L-ornithine and laminin. Cells were incubated for 3-4 h in Neurobasal A (Invitrogen, Carlsbad, CA, USA) containing B27 (Invitrogen), 0.5 mM glutamine, 10 mM HEPES and 5% horse serum. Media was then replaced with serum-free medium and the cells were maintained in a 5% CO 2 incubator at 37 1C. One-third of the media volume was replaced once a week. Neurons were transfected with plasmid constructs containing GFP or hPk2-GFP or hPk2E8Q-GFP or hPk2V153I-GFP at 7 days in vitro (DIV) using Lipofectamine2000 (Life Technologies), as per manufacturer's instructions, and used after 3 days (DIV10) for electrophysiological and immunocytochemical experiments. DIV10 neurons were used for three main reasons. The first is that synapse formation in culture is suggested to start as early as DIV4. 38 Second, spontaneous synaptic activity in our cultured neurons at DIV10 was sufficient to find a difference between Prickle2 þ / þ and Prickle2 À / À neurons. Finally, we wanted to ensure there was a small amount of autapse formation in our cultures.
Electrophysiology
Whole-cell patch-clamp recordings of miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory post-synaptic currents (mIPSCs) from mouse hippocampal slices, and cultured mouse hippocampal neurons were performed following methods detailed earlier. 39, 40 Slice recordings were performed on CA1 pyramidal neurons. Pipettes were pulled from borosilicate glass capillaries and fire polished at the tips to yield a tip resistance of 4-5 MO when filled with pipette solution containing (in mM) 5 NaCl, 140 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, 5 EGTA and 3 Na-ATP, pH 7.3 (for cultured neuron mEPSCs) or 135 KMeSO 4 , 10 NaCl, 5 HEPES and 1 EGTA, 0.1 Picrotoxin and 0.001 TTX, pH 7.3 (for slice mEPSCs), or 135 CsCl, 10 HEPES and 1 EGTA, pH 7.3 (for slice mIPSCs). The extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2, 10 HEPES and 10 glucose, pH 7.3, with 300 nM tetrodotoxin (TTX) and 10 mM bicuculline (for cultured neuron mEPSCs), or 124 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.3 NaH 2 PO 4 , 10 Dextrose and 26 NaHCO 3 , pH 7.3, with 100 M Picrotoxin and 1 mM TTX (for slice mEPSCs), or 124 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.3 NaH 2 PO 4 , 10 Dextrose, 26 NaHCO 3 and 1 Kynurenic acid, pH 7.3, with 1 mM TTX (for slice mIPSCs). Recordings were performed with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Data were acquired using pClamp10 (Molecular Devices), digitized at 2 kHz (Digidata 1440A; Molecular Devices) and filtered at 1 kHz. Analysis of mEPSCs and mIPSCs was performed using Clampfit and Mini Analysis software (Synaptosoft, Decatur, GA, USA). Analyzed data were plotted using Origin 7.0 software (Origin Lab, Northampton, MA, USA). Hippocampal slices for mEPSCs were from 21-to 25-day-old mice. For mIPSCs, they were from 14-to 19-day-old mice. Prickle2 þ / þ , n ¼ 18 and Prickle2 À / À , n ¼ 14 for mEPSCs, and Prickle2 þ / þ , n ¼ 21 and Prickle2 À / À , n ¼ 26 for mIPSCs, recorded from CA1 pyramidal neurons in acute brain slices of at least three mice of each genotype.
, n ¼ 15, from at least three different batches of cultured mouse hippocampal neuron transfected with respective constructs. Antibodies Anti-Prickle2 rabbit polyclonal antibody was generated using standard procedures from a rabbit immunized with a KLHconjugated protein containing amino acids 351-370 of human PRICKLE2 (Supplementary Figure 2a) . Other antibodies used were as follows: mouse anti-PSD-95 (NeuroMab clone K28/43); mouse anti-MAP2 (BD Pharmingen, San Jose, CA, USA); rabbit anti-MAP2 (Sigma-Aldrich); mouse anti-NueN (Merck-Millipore, Billerica, MA, USA); rabbit anti-GFP (Santa Cruz, Santa Cruz, CA, USA; Sc-8334); and Alexa fluor 488-and 565-conjugated species/IgG subtypespecific secondary antibodies (Molecular Probes, Eugene, OR, USA). NeuroMab antibodies were purchased from the University of California, Davis/National Institutes of Health NeuroMab Facility through Antibodies.
Human ASD samples All patient samples were obtained with informed consent following the University of Iowa Internal Review Board criteria and the Declaration of Helsinki criteria. All samples were deidentified as per these criteria. All ASD samples and families were diagnosed by the Autism Diagnostic Observation Schedule (ADOS). Data regarding other psychological testing including the Peabody Picture Vocabulary Test were also available for some of the patients. Family histories were gathered at the time of testing. All ASD patients and family members in this study were white of European descent and the control samples were of the same ethnicity without history of neuropsychiatric disease. No other genetic samples from either family were available.
Human DNA sequencing The entire coding region of PRICKLE2 was amplified with nine sets of primers covering exon and exon-intron boundaries of exons 2-8. For each reaction, 25 ng of DNA was amplified at an annealing temperature of 61 1C and ran for 35 cycles in the thermocycler. Amplicons were purified with the Qiagen QIAquick PCR purification kit (Venlo, The Netherlands) to remove dNTPs and unincorporated PCR primers. Using the Big Dye Terminator v3.1, forward primers of exons 2-8 were used to sequence their respective amplicons. Sequences were analyzed on an ABI 3730 Â l DNA analyzer (Applied Biosystems, Foster City, CA, USA). Samples identified with mutations were re-sequenced with their reverse primers for verification. To determine whether the mutation in the proband was inherited, the same region was sequenced in their respective family members. Copy number variation at the PRICKLE2 locus was assessed using aCGH (arraybased Comparative Genome Hybridization) technology from Roche NimbleGen (Indianapolis, IN, USA) following the protocol recommended by the manufacturer. In brief, the sample cohorts were labeled with Cy3 and the reference genome was labeled with Cy5. All samples were hybridized with a population-matched male reference genome. No PRICKLE2 copy number variants were observed. NHLBI database: (http://exome.gs.washington.edu/) (for selection criteria for the exome variant server, see http:// evs.gs.washington.edu/EVS/) or the 1000 Genomes browser: http://browser.1000genomes.org/index.html.
Whole-exome analysis of publicly available ASD data VCF files were obtained from the dbGAP entry for the ARRA Autism Sequencing Collaboration (phs000298). Only those consented for autism research only (AO) were downloaded. Sequencing calls made by both the Broad Institute and Baylor College of Medicine were combined and only those that occurred within the PRICKLE2 gene were retained. These variants were annotated locally using a custom pipeline that assesses the presence within the 1KG Phase I release, EVS, dbSNP and a local variation database. Variants were further annotated locally for their effect on coding portions of the PRICKLE2 gene. Only those sites within PRICKLE2 that had an average coverage of 420-fold in the EVS data set were retained to allow for an appropriate comparison. The total numbers of variants present in PRICKLE2 in the EVS were downloaded in VCF format. These variants were first filtered for average coverage 420 Â . Remaining variants were then annotated in the same way as those from the ARRA data set. For the comparison, only those variants that were non-synonymous (missense, non-sense, splice site) and had minor allele frequencies o1% in all three databases (1KG, EVS and dbSNP) were retained. Analysis was limited to only single nucleotide variation and did not include INDELs. Enrichment for rare, non-synonymous variations in PRICKLE2 in an autism cohort compared with the EVS data set was assessed by w 2 test.
Prickle2 protein accession numbers chimp-Prickle2 XP_001174646.1, rhesus-Prickle2 XP_001089576.2; opossum-Prickle2 XP_001371621.2, dog-Prickle2 XP_541815.2; elephant-Prickle2 XP_003409863.1; mouse-Prickle2, NP_001074615; chicken-Prickle2, XP_001234704; frog-pk-2, NP_001103517; zfishPrickle2, NP_899186; human-Prickle2, NP_942559.
Western blot and protein quantification Brains from Prickle2 þ / þ and Prickle2 À / À mice were homogenized and lysed in ice-cold buffer consisting of 10 mM Tris pH 7.4, 10 mM EGTA, 10 mM EDTA, 25 mM NaF, 1 Â protease inhibitor cocktail (EDTA-free complete mini tabs from Roche, Basel, Switzerland), and 10% sucrose. Lysates were subjected to two-step centrifugation, first at 3000 r.p.m. for 2 min, followed by centrifugation of the supernatants at 40 000 r.p.m. for 30 min. Supernatants were collected and their total protein concentrations were determined by Bradford assay. Equal amount protein of Prickle2 þ / þ and Prickle2 À / À mice brain lysates was size fractionated on 4-20% polyacrylamide gels (Mini-PROTEAN TGX pre-cast gels; Bio-Rad, Hercules, CA, USA), and then transferred onto PVDF membrane (Sequi-Blot, Bio-Rad). The membranes were incubated with anti-Prickle2 antibody (1:200) overnight at 4 1C, followed by HRP-labeled goat anti-rabbit IgG (1:10 000; Thermo Scientific, Waltham, MA, USA). The blots were developed using an ECL detection kit (Thermo Scientific) as per manufacturer's instructions, and the signals were captured on X-ray film (Kodak-Biomax). Experiments were repeated in brain lysates from three mice of each genotype.
Cultured hippocampal neurons were transfected at DIV7. Neurons were transfected with plasmid constructs containing hPk2-GFP or hPk2E8Q-GFP or hPk2V153I-GFP together with pEGFPN1 at 9:1 ratio using Lipofectamine2000 (Life Technologies). At DIV10, neurons were harvested and lysed in ice-cold buffer TEN100 (50 mM Tris pH 7.4, 100 mM NaCl, 5 mM EDTA) with 0.1% NP-40 and protease inhibitors (Roche). Western blot was performed using anti-Prickle2 and anti-GFP (Santa Cruz) antibodies. This experiment was performed in three replicates. Quantification of western blot was performed by using ImageJ software (obtained from The University of Iowa). Each measurements of hPk2-GFP or hPk2E8Q-GFP or hPk2V153I-GFP were normalized to co-transfected GFP, and the means of three replicates were used to make Supplementary Figure 2c . T-test and Bonferroni correction were performed; P40.05.
Immunocytochemistry
Immunocytochemical staining and analysis of cultured hippocampal neuron morphology were performed as described previously. 39 Three days after transfection, cultured hippocampal neurons from Prickle2 þ / þ and Prickle2 À / À mice were fixed with ice-cold 4% paraformaldehyde with 4% sucrose in phosphatebuffered saline for 30 min. Neurons were immunostained with mouse anti-PSD-95 (1:1000; NeuroMab clone K28/43) and rabbit anti-MAP2 (1:1000; Sigma, St Louis, MO, USA) antibodies, followed by Alexa fluor-conjugated secondary antibodies (1:1000; Molecular Probes). Microscopic images of isolated neurons were taken with a Â 40 objective in a Zeiss-710 confocal microscope. All image intensities were optimized for each neuron to best capture the dendritic arbor. Photomicrographs of neurons were analyzed by adjusting threshold in ImageJ to best highlight the dendrites. Sholl analysis was then performed using the Sholl analysis add-on in ImageJ. Starting radius was 10 mm with 5 mm successive steps up to 100 mm from the center of the soma. Total intersections are reported. 
RESULTS
Behavioral abnormalities in Prickle2 disrupted mice
Prickle2 is highly expressed in the mouse hippocampus (a region associated with seizure susceptibility), localizes to the PSD, and its disruption is associated with epilepsy in humans and decreased seizure threshold in mice. 18, 21, 31 It is well established that abnormalities in the hippocampus can underlie seizure susceptibility. 31 Moreover, other non-canonical Wnt gene disruptions alter learning and memory. 21 For these reasons, we hypothesized that Prickle2 could have a critical role in hippocampusdependent learning and memory. We tested the effects of homozygous Prickle2 disruption on hippocampus-dependent contextual fear conditioning, 41, 42 and found that Prickle2 À / À mice froze more during both acquisition ( Figure 1a ) and recall (Figure 1b ) of context fear memory. We also tested heterozygous Prickle2 disruption (Prickle2 þ / À ) and found the same behavior as Prickle2 À / À mice in contextual fear conditioning (Figures 1a and  b) . In control experiments, we found that both Prickle2 þ / À and Prickle2 À / À mice had normal locomotor activity in the open field (Supplementary Figure 1a) , had normal preference for novel objects (Supplementary Figure 1b) , and froze normally in response to the predator odor TMT (Supplementary Figure 1c) . These data suggest that while Prickle2-deficient mice move, freeze and smell predator odor normally, they acquire and recall hippocampus-dependent context fear memory more strongly than Prickle2 þ / þ littermates. We next asked if other learning and memory tasks were altered by Prickle2 disruption. We tested acquisition and recall of auditory cue fear memory, which depends on the amygdala but not on the hippocampus. 42 Prickle2 þ / À and Prickle2 À / À mice exhibited normal auditory fear conditioning (Figures 1c and d) . Thus, although Prickle2 disruption alters hippocampus-dependent learning, it does not alter amygdala-dependent learning.
To test effects of Prickle2 disruption on other measures of hippocampus-dependent behavior, we used the Barnes maze.
33,34
Prickle2
þ / À nor Prickle2 À / À mice differed from controls during learning trials (Figure 2a) . However, in the probe trial, Prickle2 À / À mice spent significantly more time in the target quadrant relative to Prickle2 þ / þ littermates (Figure 2b) . In contrast to the Prickle2 À / À mice, Prickle2 þ / À littermates learned the target quadrant normally and did not differ from the Prickle2 þ / þ mice (Figure 2b ). The increase in hippocampus-dependent learning observed in Prickle2 À / À mice led us to hypothesize that Prickle2 À / À mice may display difficulties changing a learned pattern. We therefore tested reversal learning in the Barnes maze. One week after initial training, all mice were retrained with the escape hole reversed 180 degrees. In this reversal task, the Prickle2 À / À mice showed a delayed acquisition of the target hole (Figure 2c ) relative to wildtype littermates. Prickle2 À / À mice did not reach wild-type levels until day 4 ( Figure 2c ). This deficit might be due to reduced flexibility or due to a stronger initial memory. Interestingly, Prickle2 þ / À mice remembered the original target normally yet 
Cued fear conditioning during training (c) and testing with tone (d) showed no significant difference, P40.05
. Black arrowheads ¼ shock and black bars ¼ tones. Error bars represent ±s.e.m. *Po0.05 for
they tended to acquire the reversed target more slowly than controls, and in the probe test they showed poorer discrimination between the new and old targets (Figure 1d ). These data indicate that when the behavioral rules were changed, Prickle2 disruption decreased behavioral flexibility. We next assessed the effects of Prickle2 disruption in social interaction tests. In the three-chamber social assay, 43, 44 the Prickle2 À / À mice spent significantly less time directly interacting with an unfamiliar mouse (Figures 2e and f) , suggesting that Prickle2 À / À mice were less interested in social interaction than their wild-type counterparts. We also used the freely moving social assay to test the Prickle2 À / À and Prickle2 þ / À mice; both spent significantly less time interacting with a novel mouse relative to wild-type littermates (Figure 2g) . Together, these behavioral data show that loss of Prickle2 function in mice increases hippocampus-dependent learning, reduces reversal learning and reduces social interest.
Prickle2 disruption alters the PSD and decreases basal synaptic activity Given the changes in hippocampus-dependent learning in Prickle2-deficient mice, the high expression of Prickle2 in the hippocampus, and the physical association between Prickle2 and PSD-95, we hypothesized that Prickle2 disruption could alter synaptic morphology in the hippocampus. We assessed PSD size and number using transmission electron microscopy in the hippocampus and amygdala of Prickle2 À / À mice and Prickle2 þ / þ controls ( Figure 3 ). We found that PSD size and synapse number were significantly reduced in the Prickle2 À / À hippocampus in 
mice show no preference for new TA suggesting abnormal reversal learning whereas Pk2 þ / þ and Pk2 À / À showed preference for the new TA*Po0.05 (Pk2
. (e, f) Three-chamber social assay for Pk2 þ / þ and Pk2 À / À mice. Percent time spent in each chamber (e): NM, novel mouse; NO, novel object. Percentage of time the testing mouse interacted with the conspecific mouse (f ). Student's t-test (**P ¼ 0. À / À slices (e). mEPSC frequency (*P ¼ 0.03) but not amplitude (P40.05) is reduced in Pk2
À / À , n ¼ 14 neurons) from at least five slices. Cumulative probability plot confirms the decrease in frequency with no change in amplitude (g). (h-j) mIPSC recordings from CA1 pyramidal neurons in acute hippocampal slices. Representative mIPSC traces from Pk2 þ / þ and Pk2
À / À slices (h). Pk2 À / À neurons show a significant decrease in mIPSC frequency (***P ¼ 0.0007), and no difference in mIPSC amplitude (P40.05)
. Cumulative probability plot for mIPSCs confirms the decrease in frequency with no change in amplitude (j). Mann-Whitney U test was performed for all comparisons. Error bars represent ±s.e.m.
both the DG and CA1 (Figures 3a-c) . Interestingly, given that Prickle2 À / À mice had normal amygdala-dependent behavior, both PSD size and synapse number were normal in the LA of Prickle2 À / À mice (Figure 3d ). The decreased synapse number and PSD size in Prickle2 -/-neurons led us to test synaptic transmission, which is abnormal in many ASD mouse models. 2, 6, 21, [45] [46] [47] [48] [49] [50] We assessed spontaneous miniature synaptic currents in hippocampal slices from Prickle2 -/-and Prickle2 þ / þ mice. Consistent with fewer synapses, we found that Prickle2 disruption reduced the frequency of both mEPSCs (Figures 3e and f) and mIPSCs (Figures 3h and i) . This reduction in mEPSC and mIPSC frequency with no significant change in amplitude is confirmed by the cumulative probability plot (Figures  3g and j) .
Prickle2 disruption decreases dendritic complexity, mEPSC frequency and mEPSC amplitude in vitro To further test the electrical properties of Prickle2 À / À neurons, we utilized cultured primary hippocampal neurons and found a similar reduction in mEPSC frequency (Figures 4a and b) . Our transmission electron microscopy analysis suggested that disrupting Prickle2 reduces PSD size. Therefore, we hypothesized that synapse current amplitude might also be affected. Interestingly, mEPSC amplitude was reduced in cultured neurons (Figures 4a-c) , but not in slices (Figure 3f ), suggesting that cultured neurons may be more sensitive to Prickle2 disruption. Because the Wnt/PCP pathway is a critical regulator of dendrite formation, 12, 13, 19 we assessed hippocampal dendrite morphology using cultured primary hippocampal Prickle2 þ / þ and Prickle2 À / À neurons by Sholl Analysis (Figures 4d and e) . Prickle2 À / À neurons showed a significant decrease in dendritic arborization evidenced by fewer intersections (Figures 4d and e) . Overexpression of GFP-tagged wild-type human PRICKLE2 (hPk2-GFP) in Prickle2 þ / þ neurons greatly increased dendritic complexity, and rescued deficits present in Prickle2 À / À neurons (Figure 4e ). Together, these data suggest that loss of Prickle2 alters neuron morphology and synaptic activity in vitro.
PRICKLE2 variations in human ASD patients Our data have shown that Prickle2 À / À mice paralleled several established mouse models of ASD in regard to behavior and physiology. For example, like Prickle2 À / À mice, the Neuroligin3 R451C 22 mouse, a Shank1 mutant mouse, 46 Scrib1 mutant mouse 21 and the 15q11-13 duplication mouse 51 models of ASD all show increased hippocampus-dependent learning. Moreover, similar to several mouse models of ASD 10, 38, 41 and pathological studies from humans, 7 Prickle2 À / À neurons have aberrant synaptic structure and function. Therefore, we asked if ASD patients could harbor variations in PRICKLE2. We sequenced the entire coding sequence of PRICKLE2 in a cohort of 384 patients with ASDs. We identified two families harboring PRICKLE2 variants not found in our control population ( Figure 5 ). No novel variants in PRICKLE2 were found in 192 ethnically matched controls. Family A (Figure 5a ) harbors a 
transfected cultured primary hippocampal neurons (a). Total intersections for Pk2
À / À neurons are reduced relative to Pk2 þ / þ neurons (*P ¼ 0.017) (d). hPk2-GFP overexpression in Pk2 þ / þ neurons increases dendritic complexity (**Po0.001) and reverses Pk2 À / À deficits (**P ¼ 0.002) (e). T-test with Bonferroni correction for (e). T-test for (b) Error bars represent ± s.e.m. See Materials and methods for all n values.
The role of Prickle2 in ASD LP Sowers et al PRICKLE2 c.22G4C mutation, shared by the father (with expressive language delay) and two affected children (with ASD and increased visual-spatial IQ, and no other neuropsychiatric diagnoses). The mother did not have a neuropsychiatric diagnosis. The PRICKLE2c.22G4C mutation is absent from 192 sequenced controls, the 1000 genomes project and 8591 chromosomes from the National Heart Lung and Blood Institute (NHLBI) exome project. PRICKLE2c.22G4C alters an evolutionarily conserved residue PRICKLE2p.E8Q (Figures 5c and d) . Family B (Figure 5b ) harbors a PRICKLE2 c.457G4A mutation, which is shared by the father (with depression, anxiety, obsessive-compulsive disorder and reading disability), and two affected children (with ASD and no other neuropsychiatric diagnoses). The mother did not have a neuropsychiatric diagnosis. PRICKLE2c.457G4A is not present in our 192 controls or the 1000 genomes project, but is present in 9/8591 chromosomes (0.001%) in the NHLBI exome project. PRICKLE2c.457G4A alters a highly conserved residue in the LIM domain resulting in PRICKLE2p.V153I (Figures 5c and d) . Curiously, among the species shown ( Figure 5c ) the mouse sequence is the only one that differs at this position with an isoleucine rather than the conserved valine.
The two PRICKLE2 variants we identified in families with ASD represent rare variants, with PRICKLE2p.E8Q seen only in the single ASD family and in no exome databases (with an average sample read depth of greater than 136), and PRICKLE2p.V153I seen in only a single ASD family, and in 9/8591 alleles (with a read depth of 53 at this nucleotide) in the NHLBI exome project. Neither of these variants was present in recent reports evaluating de novo mutations in ASD. 27, 28, 52, 53 Although present in the NHLBI exome project, it is still plausible that p.V153I represents an autism risk allele. The NHBLI cohort is not excluded for autism so that some portion of the nine NHBLI individuals carrying p.V153I could have an ASD. Furthermore, variants such as p.V153I are likely to increase risk rather than being independently sufficient to cause autism, so that a person could carry the risk allele without having an ASD. Lastly, it appears that many mutations in neuropsychiatric disorders are pleiotropic, 54 so that PRICKLE2 mutations may underlie a variety of phenotypes beyond ASDs that would nonetheless be included in the NHBLI sample. While these two variants are rare, the finding that both variants were inherited from fathers without ASD suggests that these variants are not The role of Prickle2 in ASD LP Sowers et al sufficient to cause ASD. If these variants do contribute to ASD, then they do not show complete penetrance in the two families. Such inheritance is consistent with previous reports of incomplete penetrance for ASD-associated genotypes in both mice and humans. 55, 56 To further determine if rare variants in PRICKLE2 might contribute to ASD, we next evaluated the rate of rare, proteincoding variants in PRICKLE2 in a large publicly available ASD cohort vs controls. No de novo variations in PRICKLE2 were found in this database. 52, 53 Out of 822 PRICKLE2 alleles (411 individuals) scanned from the Autism Sequencing Collaboration (ARRA), 7 different missense variants were identified in 29 individuals. Both the total number of individuals with PRICKLE2 variants and the number of unique PRICKLE2 variants were overrepresented in the ASD cohort vs controls (Supplementary Table 1 ) (P-value o0.03 and Po0.0001, respectively).
Large-scale exome sequencing efforts have demonstrated that private mutations (rare variants present in only one or a few individuals) occur with sufficient frequency such that even relatively large control cohorts would be underpowered to determine genetic causation for any single variant. 57, 58 Therefore, to explore the possibility that the rare human variants we discovered (PRICKLE2p.E8Q and PRICKLE2p.V153I) might contribute to ASD-related pathophysiology, we examined the effects of gene manipulation in mouse neurons.
ASD-associated human PRICKLE2 (hPk2) variants fail to complement the loss of function in Prickle2 À / À neurons
The differences in neuron morphology and synaptic transmission in Prickle2 À / À neurons provided an opportunity to test the function of PRICKLE2 variants identified in ASD families. We found that wildtype PRICKLE2-GFP (hPk2-GFP) significantly increased dendritic arborization in Prickle2 À / À and Prickle2 þ / þ hippocampal neurons (Figure 4e) . Similarly, the wild-type hPk2 increased mEPSC frequency and amplitude in Prickle2 þ / þ and Prickle2 À / À neurons (Figures 6c and f) , suggesting that the normal human PRICKLE2 protein can rescue the loss of mouse Prickle2 above that of a Prickle2 þ / þ neurons. Interestingly, both variants (hPk2E8Q-GFP (hPk2E8Q-GFP in figures) and hPk2V153I-GFP (hPk2V153I-GFP in figures)) were significantly impaired in these tests relative to wildtype hPk2-GFP (hPk2-GFP in figures) (Figures 6a, c and f) which were all expressed at the same levels in cultured hippocampal neurons (Supplementary Figures 2b and c) . Changes in frequency and amplitude were confirmed with the cumulative probability plots (Figures 6d and g ). The relative inability of the variant hPk2 genes to fully complement the loss of Prickle2 function in these assays suggests that these variants lead to a partial loss of protein function.
DISCUSSION
The current study demonstrates that Prickle2 has a critical role in neuron architecture and function. Disrupting mouse Prickle2 reduced dendrite arborization, synapse number and synapse size in hippocampal neurons. Loss of Prickle2 also reduced number and size of miniature synaptic currents, indicating deficits in basal synaptic transmission. The ability of human PRICKLE2 to rescue morphological and synaptic function abnormalities in neurons from Prickle2 À / À mice indicates that human and mouse Prickle2 share similar functional roles. By comparison, the inability of the PRICKLE2 variants discovered in our ASD patients to function at the level of hPk2-GFP shows a loss of protein function. Both PRICKLE2 variants occur at highly conserved residues. Interestingly, the isoleucine present in the PRICKLE2p.V153I mutation is the residue normally present at that location in murine Prickle2, suggesting that the PRICKLE2p.V153I mutation may not disrupt protein structure. However, the amino-acid difference between mouse and man at other positions may make p.V153I deleterious in the context of the human (but not the mouse) protein. Moreover, given that PRICKLE2p.E8Q changes a side-chain charge and PRICKLE2p.V153I produces a less dramatic aliphatic change, we anticipated that PRICKLE2p.E8Q would produce greater dysfunction. Yet both variants functioned poorly in our functional assays. Coupled with the phenotypic effects of Prickle2 disruption in mice, our data investigating these PRICKLE2 variants indicate that loss of PRICKLE2 function contributes to the processes underlying ASD in these families. Consistent with this suggestion, chromosomal deletion of human PRICKLE2 was also associated with ASD and epilepsy, 18 and heterozygous disruption of Prickle2 in mice produced behavioral deficits resembling homozygous disruption (Figures 1a, b, 2a-d and g) . 18 These data demonstrate that PRICKLE2 haploinsufficiency is enough to cause behavioral and neurological abnormalities.
The behavioral and neurological consequences of disrupting Prickle2 in mice paralleled core features of human ASDs and paralleled phenotypes present in several mouse models of ASD. Prickle2 disruption decreased social interest, reduced behavioral flexibility and altered learning and memory, all features observed in human ASDs. Interestingly, Prickle2 disruption in mice also decreased seizure threshold, 18 thus echoing the propensity for seizures in humans with PRICKLE2 mutations and in individuals with ASD. 5, 59 These observations are consistent with previously reported ASD-like behavioral effects of transgenic manipulations of other Wnt/PCP genes in mice. 21, 22 A mixture of abilities is a classical feature of ASD; while some behaviors and abilities are normal and sometimes even better than normal, others are grossly abnormal. 25 Therefore, different circuits may be differentially affected in ASD. Interestingly, Prickle2 À / À mice exhibited both normal and abnormal behaviors. For example, auditory cued fear conditioning was normal while context fear conditioning was significantly enhanced. This study focused on the hippocampus where abnormal cellular function was detected and was consistent with abnormal hippocampus-dependent spatial learning behavior. However, focusing on other circuits such as the amygdala might present an opportunity to identify ways to circumvent dysfunction associated with the loss of Prickle2.
We showed a decrease in PSD size and number in Prickle2
À / À mice, with a decrease in mEPSC and mIPSC frequency, suggesting that the behavioral effects seen in Prickle2 À / À mice may be due to post-synaptic abnormalities. This is consistent with the postsynaptic localization of Prickle2. 16 However, our data do not rule out pre-synaptic dysfunction completely. 60, 61 Nevertheless, the PRICKLE2 variants from ASD patients failed to rescue electrophysiological and structural deficits in Prickle2 À / À neurons, suggesting that the PRICKLE2 variants present in our human patients may contribute to the ASD phenotype. While the role of Prickle2 at the synapse requires further investigation, our study further supports a role for post-synaptic proteins in ASD etiology in mice and humans.
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